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RESUMEN: En este trabajo se realiza un estudio de la adición 
reversible de agua y metano/ a 2 ,3-butanodiona. Los valores de 
MI y AS de adición de agua y metano[ son muy similares. Al 
diluir los solventes próticos con acetona se observa una marca-
da disminución en la exotermicidad de la adición. A pesar de la 
similitud en los parámetros termodinámicos, la hidratación es 
un proceso mucho más rápido que la adición de metano/. 
SUMMARY : M e thanol and water r eadil y add to 
2 ,3-butanedione. Both processes take place with similar values 
of MI and AS. Dilution of the protic solvents with acetone 
markedly decreases the exothermicity of the processes. In spite 
of the similarity of the thermodynamic parameters, the process 
is considerably /aster for water than for methanol. 
Manuscrito revisado y aprobado en fonna definitiva en junio de 1983. 
Departamento de Química, Facultad de Ciencia Universidad de Santiago de Chile. 
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INTRODUCTION 
In protic solvents most carbonyl compounds exist partly in the keto forrn and partly as a 
solvated adduct. The equilibrium between these forrns depends strongly on the nature ofboth 
the carbonyl compound and the solvent . The characteristics of the process in water have been 
discussed by Bell in 1966 [ l] who indicated that the diol forrn is favoured by electron-attracting 
substituents. The solvat ion of dicarbonyl compounds introduces a noticeable change in the 
visible-UV spectra of the compounds since the low energy band, that is characteristic of 
dicarbonyls, disappears with the solvation. Bell and Me Dougall [2] have carried out an 
extensive study of the hydration of biacetyl from 25 to 53° by measuring the intensity of the 
visible band. Lately , Greenzaid et al. have also measured the hydration equilibria by a NMR 
technique (3). Similar studies employing water have been carried out by Buschmann et al. 
(4,5). 
In the present work we report the results obtained in a study of the solvation of 
2,3-butanedione in methanol and severa) solvent mixtures. This work was carried out in order 
to evaluate the effect of the solvent both upon the kinetics and therrnodynamics of the process. 
These type of data is necessary for a quantitative treatment of photoprocesses involving 
dicarbonyl molecules in protic solvents (6). 
EXPERIMENTAL 
Solvents employed were of the spectroscopic grade. Methanol (Merck, anhydrous) was 
employed as solvent. 
2,3-butanedione Fluka and Eastman were employed. They were distilled under vacuum 
and divided in three fractions: head, medium and tail. The Fluka product was also purified by 
gas chromatography. 
Absorption measurements were carried out in a Carl-Zeiss spectrometer with 
therrnostatized cell compartment. The absorption at the maximun ofthe long wavelength band 
was then measured as a function of time. Fluorescence measurements were carried out in a 
Hitachi-Perkin Elmer 204 S spectrofluorimeter with light of 360 and 470 nm for excitation and 
emission respectively. 
Treatment of the data 
The biacetyl concentration was evaluated e ither from the absorbance at the selected 
wavelength or forro the fluorescence intensity . If Ao is the absorbance at zero time 
(corresponding to a concentration Co), the concentration of dicarbonyl and solvated forrns at 
time t will be given by CoNAo and Co (Ao-A)/Ao respectively. The reaction was started by 
fast addition of 2,3-butanedione to the pre-therrnostatized solvent mixture. The values of Ao 
were obtained by back extrapolation to zero time [3]. In those experiments where the 
extrapolation was bound to large errors (due to the large extent of reaction at the first 
measurable time after 2,3-butanedione addition), the value of Ao was equated to that obtained 
in the same solvent mixture at lower temperatures. The absorbance at "infinite time" was 
obtained by extrapolation of A vs t- 1 to t- 1 equal to zero. The equilibrium concentrations of 
the unsolvated and solvated forms are then given by CoA,,JAo and Co (Ao-Aoo)/Ao 
respectively . 
If the solvation process is represented by 
OOH 
~ 11 1 
~ CHr -C-C-CH3 (1) 
1 
0-R 
(1) (II) 
44 
the equilibrium constant K at a given ROH molar fraction can be defined by 
K = ~= (II) 
k2 XRoH (1) 
(2) 
and hence 
K = (3) 
If, dueto the large excess of the protic solvent , reaction (1) is treated as a pseudo-first 
order reversible process, the change in A with time will be given by 
lg 
Ao - Aa, 
A-~ = kexp t (4) 
where kcxp = k1 XRoH + k2. From kcxp and K it 1s then possible to evaluate k1 and k2. 
The equilibrium constant has been also evaluated from the fluorescence intensity. At low 
absorbance, the equilibrium constant will be given by 
where F10 and Floo are the fluorescence intensities extrapolated at zero and infinite times. This 
method has the advantage that can be applied to lower 2,3-butanedione concentrations (dueto 
the sensitivity of the fluorescence). 
Experimental results 
The effect ofthe 2,3-butanedione source and treatment, the 2,3-butanedione concentration and 
pH upon K and kcxp are shown in Tables I to III. 
Values of K have been obtained in methanol and in mixtures of methanol acetone, 
methanol benzene , methanol-acetonitrile , methanol-wa ter , water-acetone and 
water-acetonitrile at severa! temperatures. The effect of the solvent composition upon K at 
25°C, and the values of dH and dS derived from the change in K with temperature are given in 
TABLE I 
Effect of the biacetyl treatment upon K and kexp 1 
Biacetyl 
Eastman 
Eastman, destilled (medium 
fraction) 
Fluka, batch A, medium fraction 
Fluka, batch A, head 
Fluka, batch A, tail 
Fluka, batch B, head 
Fluka, batch B, tail 
Fluka, purified by g.c. 
1Methanol plus 5% (v/v) of water at 25ºC. 
21<,,,p in min - 1• 
K 
2.12 
2.32 
2.32 
2.5 
2.5 
2.18 
2.22 
2.43 
0.057 
0 .098 
0 .16 
0.072 
0.094 
0 .47 
0.19 
0 . 12 
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TABLE II 
Effect of the biacetyl cooceotration 1 
Reaction media 
Methanol-benzene ( 1: 1) 
methanol 
125º C. 
2biacetyl Eastman. 
3From-fluorescence measurements . 
Biacetyl (M) 
0.028 
0.056 
0.084 
0.112 
0.010 
0.034 
0.056 
0.084 
0.112 
0.14 
0.168 
TABLE III 
K k.:,/ 
1.61 0.46 
1.64 0.31 
1.69 0.24 
1.54 0.22 
2.33 
2.32 0.15 
2.27 0.11 
2.27 
2.22 0 .066 
2.13 0.045 
2.03 0.041 
Effect of Acids and hydroxides u pon K and kexp 1 
Biacetyl Additive K k.,, p 
Eastman 10- 3 M K(OH) 2.3 0.2 1 
5x 10- 4 M K(OH) 2.3 0. 13 
2.5x 10- 4M K(OH) 2.1 0.09 
10- 4 M K(OH) 2.3 0.07 
5x 10- 5M K(OH) 2.3 0.07 
2.5x 10- 5M K(OH) 2.3 0.057 
none 2. 1 0.057 
10- 3M KCI 2.4 0.042 
Fluka, distilled 2.5 x 10- 3M K(OH) 2.3 0.64 
10- 3M K(OH) 2.0 0.33 
5X 10- 4 M K(OH) 2.2 0.22 
2.5x 10- 4 M K(OH) 2. 1 0.23 
I0- 4 M K(OH) 2.2 0.16 
5x 10- 5M K(OH) 2.5 0.12 
none 2.3 0.16 
I0- 3M HCI 2.3 0.09 
'Methanol plus 5% of water at 25ºC . 
Table IV. The effect of the solvent composition u pon K is shown in Figures 1 and 2 for systems 
in which ROH is methanol and water respectively. 
In mixtures of water and methanol either component of the mixture can add to the 
dicarbonyl. In this case a "global" equilibrium constant is defined by 
Kg = (II) / (1) (5) 
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TABLE IV 
Values of K at 25° and AH and AS in several solvent mixtures 
Solvent mixture XRoH In K 25 ilH" 
water-acetone Iª 0.7 -7. 1 
¡b 1.0 -5.0 
0.8 -0.24 - 8.2 
0.67 - 0.52 - 6.0 
0.5 - 0.92 - 2.05 
0.34 -1.5 + 1.71 
methanol-acetone 1 0.76 -5.2 
0.65 0.30 -3.3 
0.48 -0.20 -3.4 
0.19 -0.32 - 0.6 
ªFrom NMR measurements (ref 4). 
bFrom "corrected" UV measurements (ref 3) . 
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Solvation constant of water in different solvent mixtures at 18ºC. 
(6 ) Acetone-water 
(0 ) Acetonitrile-water 
Values of Kg obtained in severa) solvent mixtures are given as a function of temperature 
in Fig. 3. In this figure are also included values obtained previously in water [3,4] 
Toe kinetic data is given in Tables I to III . The reported values are the slopes of the plots 
of lg Ao- A.. against t. The plots were fairly lineal over ali the meaningfull absorbance range. 
A - A.. 
Toe effect ofthe solvent composition at 25°C with a 2,3-butanedione (Eastman) concentration 
of 0.11 Mis shown in Table V. The values of k1 and k2, derived from k.:xp and K, have also 
been included in this table. For the methanol-water mixture, the value of k1 is the pseudo 
unimolecular rate constant that includedes the molar fraction of ROH. 
DISCUSSION 
Tables I to III show that K is independent of the 2,3-butanedione source and treatment, the 
2,3-butanedione concentration and the presence of acids and bases. 
Toe data given in Tabla IV show that the values of K, as well as D..H and D..S of the 
processes. 
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OH 
~ 1 
CH3COCOCH3 + H20 -.:- CHr -C-CO-CH3 
1 
OH 
(III) 
(7) 
and OH 
->,. 1 
CH3COCOCH3 + CH30H ~ CHr-C--CO-CH3 
1 
OCH3 
(IV) 
(8) 
are extremely solvent dependent. In particular, these data indicate that the magnitude of aH 
and as in mixtures with acetone decreases when the molar fraction of the protic solvent 
decreases. This dependence is larger when water is the co-reactant and leads, for low values of 
XH
2
o, to positi ve enthalpies and entropies of reaction. Acetone is a ble to form several hydrates 
with an equilibrium constant, for the monohydrate in carbon tetrachloride at 25ºC, of 2.45 
M- 1 [7] . If a similar K is assumed in acetone, this constant implies that in acetone-rich 
mixtures every water molecule can be considered as " bound" toan acetone molecule. The 
change in entropy (and enthalpy) when these water molecules adds to a dicarbonyl could then 
be relatively low. 
Table IV shows that both aH and as of processes (7) and (8) are very similar. The 
similarity also extends to the aH and as obtained when methanol-water mixtures are 
employed as solvent. 
Figure 3 shows that Kg over ali the temperature range considered are similar for water, 
methanol and methanol-water mixtures. This implies that, when a mixed solvent is 
considered, more likely the relative proportion of products III and IV closely resembles that of 
water and methanol in the solvent mixture . 
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FIGURE 3 
Dependence of the solvation constant with temperature in methanol-water mixtures. 
3.5 
<•) water; (x ) methanol; (6) methanol plus 6% water, (O) methanol plus 11 % water; 
(0 ) methanol plus 20% water; (IA) methanol plus 33% water; ( + ) methanol plus 50% water. 
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Figure 1 and 2 show that, for both water and methanol, K decreases when XRoH 
decreases in acetone and acetonitrile mixtures. This dependence could be dueto the solvation 
of the second carbonyl group. Nevertheless, Greenzaid et ·al. [3] have shown that n.m.r. 
spectra obtained in water were consistent with the hydration of only one carbonyl group. This 
dependence can be considered then a true "solvent effect" . I! is interesting to note that in the 
mixture methanol-benzene increasing the proportion of the co-solvent increases the values of 
K. Since the dependence is due to the change in the product _:m_ with the solvent 
)'(YROH 
composition, the number of factors involved is too large to attempt even a qualitative 
interpretation of the differences between solvents. 
Toe results given in Tabla I show that the values of kexp are extremely dependent upon 
the source and treatment of the 2,3-butanedione . This can be interpreted in terms of small 
amount of impurities that may act as catalysts of the process. In particular, and due to the 
sensitivity ofkexp upon the presence ofbases, small amounts ofthis type ofimpurities could be 
the source of the catalysis. Table III shows that the solvation in methanol is catalyzed by 
K(OH). On the other hand, the rate slightly decreases when HCI 10-3 M is added. 
This result contrasts with those obtained for the hydration of 2,3-butanedione by 
Buschmann et al [5] . These authors have found that the reaction is acid catalyzed in the pH 
range 1. 3 to 3. O with a bimolecular rate constant of 16 M - 1 sec - 1 • 
The dependence of the solvation rate with the source and treatment of the 
2,3-butanedione malees a quantitative interpretation of the results unwarranted . Nevertheless, 
it is interesting to note that the results obtained employing the Eastman reagent (that gives the 
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TABLE V 
Effect of the solvent composition upon the solvation rate 
Solvent mixture 
AN-water ( 17°C) 
Acetone-water (25ºC) 
Methanol-water (25ºC) 
Methanol-acetone (25ºC) 
Water (Ref. 5). 
1(in min- 1). 
XRott 
0.75 
0.59 
0.42 
0.26 
0.80 
0.67 
0.50 
0.34 
0.69 
0.53 
0.36 
0.22 
0 .12 
o 
1 
0.65 
0.48 
0.19 
kexp (min- 1) k1 1 
0.20 0.091 
0.072 0.028 
0.026 0.009 
0.011 0.002 
0.30 0.16 
0.080 0.03 
0.028 0.008 
0.020 0.004 
0.42 0.3 
0.26 
0.16 0.11 
0 .098 0.07 
0.051 0.035 
0.043 0.031 
0.043 0.03 
0.0123 0.007 
0.0038 0.016 
0.0081 0.03 
3.7 
k2' 
0.13 
0.06 
0.02 
0.01 
0.17 
0.06 
0.02 
0.02 
0.12 
0.05 
0.03 
0.016 
0.011 
0.013 
0.006 
0.02 
0.034 
1.76 
lower values of ke,.p) show that kexp in methanol and methanol benzene mixtures decrease 
when the 2,3-butanedione increases (see Table II) . This result is unexpected dueto the good 
"first order plots" obserbed ata given 2 ,3-butadiene concentration. A possible explanation is 
the presence of an inhibitor in the 2,3-butanedione (i .e . traces of acids). 
Table V shows the effect of the solvent composition upon the solvation and solvation 
rates both for water and methanol. 
These data show that both processes are considerably faster when water is the solvating 
species. Furthennore, the given results show that both k 1 and k2 in ROH-acetone mixture 
decrease when the mole fraction of the protic solvent decreases. This effect could be a true 
solvent effect or indicate the participation of more than a ROH molecule in the rate controlling 
processes (1 , 8, 9). 
The hydration of severa! carbonyl compounds has been found to be base and/or ac id 
catalyzed (1 ). The results given in Table lll show that the addition of methanol to 2 ,3-
butanedione is éilso base catalyzed. The mechanism proposed to explain the effcct ofbase upon 
the hydration ( 1, 7) rate can be extended to the present results according to the following 
reaction scheme. 
o 
00 00 
11 11 1111 
___,,,_ 
CHr C-C-CH3 + CH30H ~ CH3-C-C-CH3 
o-
00 
11 11 
CH3-C-C-CH3 + OH 
1 
1 
O-H6+ 
1 
1 
1 
1 
O - H6+ 
1 
CH3 
00 
11 1 
-- CH3-C-C-CH3 + H20 
1 
o 
1 
CH3 
( 10) 
In order to test if the catalysis is general or specific , 3 x 10- 5 M of triethylamine were 
added to a solution of 2,3-butanedione in methanol. 
From the noticeable increase in rate observed it can be concluded that a general basic 
catalysis is operative. 
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